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The cross sections for the processes γν → γγν, γγ → γνν¯ and νν¯ → γγγ are calculated with the
aid of an effective Lagrangian derived from the Standard model. These cross sections are shown to
be much larger than the elastic cross section σ(γν → γν) for photon energies ω > 1 keV. Possible
astrophysical implications are discussed.
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I. ELASTIC PROCESSES
Photon-neutrino scattering is of potential interest in astrophysical processes. The various γν reaction cross sections,
which are expected to be small due to the weak interaction, are further suppressed because of the vector–axial vector
nature of the weak coupling [1–3]. For the channel νν¯ → γγ, Yang’s theorem [4] implies a vanishing decay amplitude
to order GF when the neutrinos are massless. This means that the amplitude in any channel contains additional
factors of ω/mW , where ω is the photon energy and mW is the W mass. If the neutrinos have a mass mν , the
amplitude is reduced by factors of mν/mW [5].
In the case of massless neutrinos, the amplitude for γν → γν in the Standard model is [6], to leading order in m−2W ,
Mλλ′ = 1
2pi
g2 α
m4W
[
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4
3
ln
(
m2W
m2e
)]
cos(θ/2)
(
s2(1 + λλ′) +
st
2
(1 + λ)(1 + λ′)
)
, (1)
where λ and λ′ are the photon helicities, s = 4ω2, t = −2ω2(1 − cos θ) and θ is the scattering angle. Notice that
there are no inverse powers of me in this expression and hence the scale is set by mW . As a consequence, all 2 → 2
γν channels can be calculated using the effective Lagrangian
Leff = 1
4pi
g2α
m4W
[
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4
3
ln
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m2W
m2e
)] [
ψ¯γν(1 + γ5)(∂µψ)− (∂µψ¯)γν(1 + γ5)ψ
]
FµλFνλ , (2)
where Fµν is the photon field tensor and ψ is the neutrino field. The resulting cross section for elastic scattering is
σ(γν → γν) = 3
4
G 2F α
2
pi3
[
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4
3
ln
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m2W
m2e
)]2(
ω
mW
)4
ω2 . (3)
Despite the enhancement of the ln2
(
m2W /m
2
e
)
factor, this cross section is exceedingly small and likely to be of little
practical importance in astrophysics.
II. INELASTIC PROCESSES
The source of the large suppression in the γν elastic amplitude is the Yang theorem prohibition of a two photon
coupling to a J = 1 state. There is no similar restriction on the coupling of three photons. This suggests an
examination of the inelastic process γν → γγν to determine if the scale of the loop integrals resulting from the W
1
and Z exchange diagrams represented by Fig. 1 is set by the electron mass rather than mW . This turns out to be the
case, and one can obtain an effective Lagrangian of the form
Leff = 4GF a√
2
α3/2√
4pi
1
m4e
[
5
180
(NµνFµν) (FλρFλρ)− 14
180
NµνFνλFλρFρµ
]
, (4)
where Nµν is
Nµν = ∂µ
(
ψ¯γν(1 + γ5)ψ
)− ∂ν (ψ¯γµ(1 + γ5)ψ) , (5)
and a = 1 − 1
2
(1 − 4 sin2 θW ). The numerical factors 5/180 and −14/180 are familiar from the Euler-Heisenberg [7]
expansion of the photon–photon scattering amplitude. This occurs because after Fierz rearranging theW contribution
and replacing the gauge boson propagators by their masses, the amplitude in any channel for either W or Z exchange
reduces to a four photon amplitude with one photon polarization vector replaced by the neutrino current. The Z
contribution, given by the second factor in a, is numerically small ≈ .04. Using Eq. (4), the double differential cross
section d2σ/dω1dω2 for the energy distribution of the final photons in the neutrino-photon center of mass is
d2σ
dω1dω2
=
G2F a
2α3
pi4m8e
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. (6)
The cross section for γν → γγν can be obtained by integrating Eq. (6) over the region (ω−ω1) ≤ ω2 ≤ ω , 0 ≤ ω1 ≤ ω
and is
σ(γν → γγν) = 262
127, 575
G 2F a
2 α3
pi4
(
ω
me
)8
ω2 . (7)
Further details of the scattering process are presented in Fig. 2. By retaining the polarization vector of one of the
final state photons, it is possible to obtain the cross section for this photon to be produced with either positive or
negative helicity. This is illustrated in the left panel of Fig. 2 by the dashed and dot-dashed lines. The solid line in
this panel is the angular distribution for unpolarized scattering and θ is the angle between the outgoing photon and
the incident photon. The difference between the positive and negative helicity cross sections, which are fifth order
polynomials in cos θ, results in the polarization P (θ) illustrated in the right panel of Fig. 2. The existence of a net
circular polarization is possible because the weak interaction violates parity.
It is also of interest to examine the annihilation channel γγ → γνν¯, which provides an energy loss mechanism for
stellar processes [8–10]. In this case, the double differential cross section d 2σ/ sin θdθdω′ is
d 2σ
sin θdθdω′
=
G 2F a
2 α 3
pi4m8e
ω3ω′ 3(ω − ω′)
48, 600
[
2224ω2 − ω(592ω + 520ω′) sin2θ + 139ω′ 2 sin4θ
]
, (8)
where θ is the scattering angle of the final photon in the center of mass, ω′ is its energy and ω is the initial photon
energy. When integrated, Eq. (8) gives the total cross section
σ(γγ → γνν¯) = 2, 144
637, 875
G2F a
2 α3
pi4
(
ω
me
)8
ω2 . (9)
Unlike γν → γγν, the final photon in the annihilation channel does not acquire any circular polarization.
The neutrino annihilation channel νν¯ → γγγ is potentially important in supernova calculations. Here, the energy
distribution of two of the final photons in the neutrino center of mass is
d2σ
dω1dω2
=
G2F a
2α3
pi4m8e
8ω4
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2
which may be integrated to give
σ(νν¯ → γγγ) = 136
91, 125
G2F a
2 α3
pi4
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ω
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)8
ω2 . (11)
III. DISCUSSION AND CONCLUSIONS
A direct comparison of the elastic and inelastic cross sections, Eqs. (3), (7), (9) and (11), is given in Table 1. The ω10
behavior of the inelastic cross sections versus the ω6 behavior of the elastic cross section is evident as is the 14 orders
of magnitude difference at ω = 2me. Certainly, the effective Lagrangian Eq. (4) provides an adequate description of
the inelastic processes for ω < me. The application of Eq. (8) to stellar energy loss is therefore completely justified.
At some point beyond ω = me, the cross section ceases to grow as the tenth power, begins a transition to a ‘soft’
behavior and eventually decreases. The precise range of applicability of the power law is somewhat subjective in the
sense that numerical factors resulting from the loop integrals which define Leff are often included in the definition of
the scale factor. Including the factor of 180 appearing in Eq. (4), the effective scale is ∼ 4me.
As a rough indication of the importance of the γν → γγν process in cosmology, consider the mean number of
collisions in an expansion time t. Assuming that there is an effective scale greater than me, Eq. (7) can be written
σ(γν → γγν) = 2.0× 10−53T 1010 cm2 , (12)
where T10 is the photon energy in units of 10
10K and ω ∼ T . The mean number of collisions in this time [11],
σ(γν → γγν)nνct, where nν denotes the neutrino density, is
σ(γν → γγν)nνct = 1.92× 10−11T 1110 . (13)
For this to be of order 1, T10 ∼ 9.4 or T ∼ 15me. Strictly speaking, this result is beyond the scale ∼ 4me, and it is
probably necessary to treat the transition region more carefully in order to determine the decoupling temperature. If
this temperature were shown to be low enough, the process γν → γγν might be of some importance in cosmological
considerations. There is the possibility, albeit remote, that the detection of circular polarization, which only occurs
in parity violating processes, could provide evidence for relic neutrino interactions.
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TABLE I. σ(ω) in cm2 for ω in keV
ω σ(γν → γγν) σ(γγ → γνν¯) σ(νν¯ → γγγ) σ(γν → γν)
1 8.66 × 10−83 1.42 × 10−82 6.29× 10−83 2.05 × 10−84
100 8.66 × 10−63 1.42 × 10−62 6.29× 10−63 2.05 × 10−72
511 1.05 × 10−55 1.72 × 10−55 7.63× 10−56 3.65 × 10−68
1022 1.08 × 10−52 1.77 × 10−52 7.85× 10−53 2.34 × 10−66
FIG. 1. Typical diagrams for the process γν → γγν arising from W (left) and Z (right) exchange are shown. The complete
set is obtained by permuting the photons.
FIG. 2. The differential cross section dσ/ sin θdθ and polarization P (θ) are shown. In the left panel, the dashed line denotes
the cross section for the production of a positive helicity photon, the dot-dashed line the cross section for the production of a
negative helicity photon and the solid line is the sum of the two.
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